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I, INTRODUCTION 

I n  t h e  P&M Solvent Refined Coal Process,  coal is d isso lved  i n  a coal-derived solvent 
t o  produce a f i l t e r a b l e  l i qu id .  This is accomplished by mearm of a mild l i q u i d  
phase hydrogenation o f  t h e  coal.  F i l t e r a b l e  so lu t ions  can b e  made by r eac t ing  about 
1.0% t o  1.5% by weight  of hydrogen based on the moisture-ash-free (MAF) coal. The 
l i q u i d  is separa ted  from t h e  inso luble  minerals and unreacted organic  matter by 
f i l t r a t i o n ,  
product is recovered(1).  

Su f f i c i en t  so lven t  range l i q u i d  m u s t  b e  made from t h e  coal t o  rep lace  any mechanical 
l o s ses  and those l o s s e s  due t o  formation of gas and low b o i l i n g  l i qu ids  by fu r the r  
r eac t ion  of t h e  so lven t .  When the  hydrogenation is adequate,  85% to  95% of the  MAF ' 

organic  matter i n  t h e  coa l  is  reacted.  I n  t y p i c a l  experiments,  about 60% t o  70% 
of t h e  organic  matter in  coa l  can be recovered as a s u b s t a n t i a l l y  ash-free residue 
from the vacuum f l a s h  opera t ion .  From 5% t o  10% of t h e  MAF coal w i l l  b e  d i s t i l l e d  
as l i q u i d  b o i l i n g  i n  t h e  so lven t  range. 
s u l f i d e ,  and l i q u i d s  b o i l i n g  below the  so lvent  range account f o r  t h e  remainder of 
t he  reacted o rgan ic  matter. The o v e r a l l  conversion o f  organic  matter and the  
d i s t r i b u t i o n  o f  products which is formed can be  a l t e r e d  by changing the  opera t ing  
conditions.  When condi t ions  favor increased hydrogenation, t h e  y i e l d  o f  l i q u i d  
products is increased  with a simultaneous reduction i n  t h e  amount of vacuum f l a sh  
res idue .  

The so lven t  is recovered f o r  r ecyc le  by vacuum f l a sh ing  and the  residue 

Some hydrocarbon gas ,  water, hydrogen 

It is a matter of exper ience  thaK these  r eac t ions  can b e  run  with many coa l s  without 
the addi t ion  of c a t a l y t i c  agents.  
been done t o  demonstrate t h e  n a t u r e  of  the c a t a l y t i c  e f f e c t s  which can b e  a t t r i b u t e d  
t o  mineral  phases normally resent  in coals .  These experiments treat hydrogenation 

described by H. Appell  a n d  I. Wender(2). P a r t  of t h e  work w a s  done by P&M and p a r t  
by University of North Dakota s t a f f  i n  the Chemical Engineering Laboratories of the 
University o f  North Dakota. A l l  of t h e  work was supported by t h e  U. S.  Office of 
Coal Research as p a r t  of t h e  development of t h e  Solvent Refined Coal Process. 

This paper r epor t s  some experiments which have 

by the  use o f  hydrogen gas( F and also by means of carbon monoxide a n d  wa te r  as , 

11. EXPERIMENTAI, 

A. SOLVENT 

The so lvent  u s e d  i n  these experiments is t he  middle f r a c t i o n  obtained by r e d i s t i l l i n g  
anthracene o i l  under vacuum. 
230OC. a t  a p re s su re  l e s s  than 3 mm of mercury. 
s tandard ize  t h e  material  and f a c i l i t a t e  s t u d i e s  of y i e l d  and conversion when coal is f 

i 

The f r a c t i o n  i n  ques t ion  b o i l s  between 1OOOC. and 
The d i s t i l l a t i o n  is done t o  

dissolved. Normally a 
t h e  o r i g i n a l  solvent. 
t o  f u r t h e r  r eac t ion  of 

f i l t r a t e  w i l l  conta in  lower -and h igher  . bo i l i ng  mater ia l s  than 
These are presumed t o  be  der ived  from t h e  coa l  o r  t o  be due 
t h e  so lvent .  
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Anthracene o i l  is a complex mixture of aromatic hydrocarbons obtained by d i s t i l l i n g  
coal t a r .  
anthracenes,  phenanthrenes, and pyrenes. 
substances are a lso  present .  
-OH, -SH, o r  -NH2, f o r  example, o r  may b e  heteroatoms wi th in  t h e  c y c l i c  s t r u c t u r e s .  
Carbazole is a typ ica l  compound of t h i s  type. 
in anthracene o i l  range from about 150 t o  about 400 with a mean value of about 200. 
A usefu l  co l lec t ion  of s p e c t r a  has been publ ished by Karr and o thers  which t r e a t s  
many compounds of t h i s  type( l4) .  

Many of t h e  aromatic s t r u c t u r e s  present  have t h e  a b i l i t y  t o  reac t  with hydrogen 
t o  form hydroaromatic der iva t ives .  
substances can t r a n s f e r  hydrogen to  o ther  molecules and t h e  hydroaromatic mater ia l  
rever t s  t o  t h e  aromatic form. 

It is therefore  p r a c t i c a l  t o  use the  composition changes in  t h i s  so lvent  t o  measure 
c e r t a i n  hydrogenation e f f e c t s  i n  coal  s o l u t i o n s .  
solvent  samples can be measured by combustion a n a l y s i s ,  These r e s u l t s  have also 
been c o r r e l a t e d  with i n f r a r e d  s t u d i e s  of anthracene o i l  and solvent  reclaimed from 
coal  so lu t ions .  It is ncw p r a c t i c a l  t o  make  q u i t e  p r e c i s e  es t imates  of hydrogen 
content by means of these  i n f r a r e d  c o r r e l a t i o n s .  Changes of hydrogen content of 
0.01% t o  0.02% can be measured with confidence by t h i s  means. 
method has been used t o  eva lua te  many of the  experimental  r e s u l t s  discussed in t h i s  
paper,  t h e  c a l i b r a t i o n  da ta  and the combustion methods required t o  develop t h e  
working curves w i l l  be discussed in  some d e t a i l .  

It may contain indenes,  naphthalenes,  acenaphthalenes , f luorenes , 
These elements may be s u b s t i t u t e d  on t h e  r ings  as 

Sulfur ,  n i t r o g e n ,  and oxygen containing 

The molecular weights of the  compounds 

Under the  inf luence  of heat  these hydroaromatic 

The t o t a l  hydrogen content of 

Since the i n f r a r e d  

\ 

B. COMBUSTION ANALYSIS OF SOLVENT 

The apparatus used f o r  carbon and hydrogen determination follows t h e  recommendations 
of ASTM D 271 with a few modif icat ions designed t o  favor  increased p r e c i s i o n  and 
accuracy in rout ine ana lys i s (3) .  
samples ins tead  of the  200 mill igram samples s p e c i f i e d  i n  t h e  ASTM method. 

This is done by using 300 to  500 mil l igram 
1 

C. SOLVENT AND RECLAIM SOLVENT ANALYSIS BY INFRARED 

It has  been observed t h a t  t h e  r e l a t i v e  i n t e n s i t y  of t h e  absorbance a t  3.28 microns 
compared t o  the  absorbance a t  3.41 microns changes as anthracene o i l  i s  hydrogenated. 
Raw anthracene o i l ,  a s  received,  tends t o  be lean i n  hydrogen while t h e  so lvent  
reclaimed from coal  s o l u t i o n s  made with raw anthracene o i l  tends t o  contain more 
hydrogen. When anthracene o i l  is c a t a l y t i c a l l y  hydrogenated, the r a t i o  of the 3.281 
3.41 micron absorbances decreases due t o  a considerable  increase  in the  i n t e n s i t y  of 
the 3.41 micron band and a small  decrease i n  t h e  3.28 band. 

As experience and samples run under var ious condi t ions accumulated, i t  became 
.., poss ib le  t o  observe t h i s  r a t i o  over a considerable  range of  hydrogen content.  

I Representative samples were run on t h e  Perkin E l m e r  237 g r a t i n g  spectrophotometer 
a t  slow speed. Using t h e  general  techniques of i n f r a r e d  q u a n t i t a t i v e  ana lys i s  as 
presented in ASTM E-168, a base l ine  was drawn from t h e  v i c i n i t y  of 2 .8  microns to  
the v i c i n i t y  of 4.5 microns. 
measured and the r a t i o  of Absorbance C! 3.281Absorbance C! 3.41 w a s  ca lcu la ted .  This 

The absorbance at 3.28 and a t  3.41 microns was 

\ 
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r a t i o  w i l l  b e  ca l l ed  t h e  I R  Ratio he rea f t e r .  
were obtained for these  samples by combustion ana lys i s .  
on a chart  as percentage hydrogen versw the  I R  Ratio. A l i n e  w a s  then drawn t o  
establish a working curve. D a t a  f o r  t he  p l o t  are shown i n  Table I and t h e  working 
curve is shown as Figure 1. Sample s p e c t r a  showing the  appearance o f  the 3.28 and 
3.41 micron region a t  d i f f e r e n t  percentages o f  hydrogen in anthracene o i l  a r e  
presented i n  Figure 2 .  

Prec i se  values f o r  t o t a l  hydrogen 
The r e s u l t s  were p lo t t ed  

TABLE I 

ANALYTICAL DATA - ANTHRACENE O I L  AND VARIOUS RECLAIM SOLVENTS 

SUBSTANCE REPORTED % CARBON %HYDROGEN I R R A T I O  

Middle f r a c t i o n  o f  hydrogenated reclaim so lven t  
R u n  PA 39 r e d i s t i l l e d  reclaim so lven t  
UND 373 reclaim solvent  
UND 377 reclaim so lven t  
UND 376 reclaim so lven t  
Run PA 74 reclaim solvent  
UND 277 reclaim solvent  
R u n  PA 72 reclaim solvent  
Continuous Run 2 rec la im so lven t  
Process Development P lan t  Run 66 reclaim so lv .  
Continuous Run 8 rec la im so lven t  
Run PA 73 reclaim so lvent  
Continuous Run 11 Sample 17 reclaim solvent  
UND anthracene o i l  r e d i s t i l l e d  at atmos, p re s s .  
Continuous Run 7 rec la im so lven t  
Continuous Run 12 reclaim so lven t  
UND 357 reclaim solvent  
Middle f r a c t i o n  of raw anthracene o i l ,  sample 1 
Middle f r a c t i o n  o f  raw anthracene o i l ,  sample 2 

91.42 
91.38 
90.64 
90.59 
90.85 
90.46 
90.33 
90.78 
90.65 
90.41 
90.93 
90.90 
91.35 
90.91 
91.05 
91.20 
91-09 
91.32 
91.01 

6.901 
6.616 
6.412 
6.428 
6.407 
6.281 
6.132 
6.158 

. 6.092 
5.987 
5.925 
6.151 
6.024 
5.916 
5.895 
5.896 
5.828 
5.731 
5.741 

0.431 
0.674 
0.792 
0.794 
0.818 
1.03 
1.06 
1.18 
1.28 
1.29 
1.33 
1.36 
1.40 
1.44 
1.54 
1.64 
1.75 
1.79 
1.78 

Samples shown in  Table I were taken from seve ra l  d i f f e r e n t  sources.  PA runs are 
P6M batch autoclave materials. 
Dakota ba tch  autoclave runs.  
continuous experiments. 
s tud ie s (5 ) .  
p l a n t s  a t  Cleveland, Ohio o r  Granite Ci ty ,  I l l i n o i s ,  
richer i n  carbazoles and t h i s  cont r ibu tes  some scatter t o  t h e  data.  

The IR Ratio changed from 0,43 t o  1.8 whi le  hydrogen changed from 5.73% t o  6.90X. 
Thus, t h e  p rec i s ion  of t h e  I R  Ratio corresponds t o  about 0.01% hydrogen. 
of the combustion hydrogen va lue  is  about 0.03Z t o  0.05%. 
s e n s i t i v e  observation w i t h  a less s e n s i t i v e  one is  d i f f i c u l t .  
s lope  es tab l i shed  i s  the  important information requi red  and t h e  number o f  da t a  poin ts  
ava i l ab le  should e s t a b l i s h  t h i s  w i t h  acceptable accuracy. 

UND mater ia l s  are from t h e  University o f  North 
Continuous run samples are from PhM labora tory  

Some ma te r i a l s  are r e t a ined  from the  Process D evelopment 

The Grani te  City material I s  
The o r i g i n a l  anthracene o i l s  were from the Rei l ly  Tar 6 Chemical Corp. 

f 

The p rec i s ion  
The c a l i b r a t i o n  of a 

However, t h e  average 
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It is a l s o  poss ib l e  t o  run s p e c t r a  i n  s o l u t i o n  t o  obtafn  q u a n t i t a t i v e  r e s u l t s .  
Anthracene o i l  and reclaim so lvent  are so lub le  i n  carbon t e t r a c h l o r i d e  and s p e c t r a  
can the re fo re  be  run using a s o l u t i o n  in one c e l l  and carbon t e t r a c h l o r i d e  in a 
matching cel l  i n  t h e  re ference  beam. 
can be obtained by using t h e  same concentration of raw so lven t  i n  the re ference  
beam and reac ted  solvent i n  t h e  measuring c e l l .  
relate t h e  gain i n  hydrogen t o  a l i n e a r  i nc rease  i n  t h e  absorbance at  3.41 microns. 
Examples of t h i s  kind o f  d a t a  are presented  i n  Table 11. 

A more soph i s t i ca t ed  d i f f e r e n t i a l  measurement 

In t h i s  system i t  is poss ib l e  t o  

TABLE I1 

DIFFERENTIAL ABSORBANCE AND HYDROGEN GAIN DATA 
GAIN I N  % DIFFERENTIAL 

ABSORBANCE SUBSTANCE REPORTED % HYDROGEN HYDRL)Gm 

Continuous Run 14 Sample 11 
Continuous Run 15 reclaim so lvent  
Continuous Run 11 Sample 17 
UND Run 360 rec la im so lven t  
Continuous Run 18 Sample 7 
Run PA 74 reclaim so lvent  
Continuous Run 19 Sample 40 reclaim so lv .  
UND Run 376 reclaim solvent  
Run PA 39 reclaim solvent  
Middle f r a c t i o n  of hydrogenated reclaim 
so lvent  

'a 

5.736 
5.938 
6 024 
6.112 
6.148 
6.281 
6 e 267 
6.407 
6.616 
6.901 

-00- 
0.202 
0.288 
0.316 
0.413 
0.545 
0.531 
0.671 
0.880 
1.165 

Reference 
0.135 
0.195 
0.314 
0.298 
0.362 
0.396 
0.467 
0.670 
1.13 

1 
\ 

These co r re l a t ions  are based on anthracene o i l  o r  anthracene o i l -der ived  solvents 
which have been used and reclaimed a l imi t ed  number of times. 
conditions were mild and some s u l f u r ,  oxygen, and n i t rogen  remains i n  t h e  so lvent  

genated material has  no t  been done. 

Hydrogenation 
, 

' being recycled. The appl ica t ion  of t h i s  kind of method t o  o t h e r  ex tens ive ly  hydro- 

When these  r e s u l t s  a r e  p l o t t e d ,  most of t h e  po in t s  f a l l  on a straight l i n e ,  as 
presented i n  Figure 3. It would be reasonable t o  assign most o f  t h e  scatter observed 
t o  t h e  errors inherent  i n  t h e  measurements made. This probably is n o t  t h e  case f o r  
t he  middle f r a c t i o n  of hydrogenated reclaim s o l v e n t ,  however. This observa t ion  
devia tes  from t h e  t rend  of the  o t h e r  d a t a  by an amount w e l l  ou t s ide  t h e  p rec i s ions  
of t h e  elemental  ana lys t s  and i n f r a r e d  measurement. The d i f f i c u l t y  m u s t  b e  qua l i -  
t a t i v e .  Probably the  r e s u l t  observed is an ind ica t ion  t h a t  more than one kind of 
s t r u c t u r e  can con t r ibu te  to  the  absorbmce a t  3.41 microns and t h a t  new s t r u c t u r e s  
are being developed i n  t h e  sample. The middle f r a c t i o n  o f  reclaim s o l v e n t ,  i n  
ques t ion ,  w a s  c a t a l y t i c a l l y  hydrogenated under severe  condi t ions  which r e su l t ed  in 
removal of s u l f u r ,  oxygen, and n i t rogen  as w e l l  as hydrogenation of the o i l .  The 
formation of a l k y l  groups during t h i s  process could probably account f o r  t he  
d i f f e rence  observed. 
measurements from being usefu l  in t h e  d i r e c t  observa t ion  of hydrogen t r a n s f e r  
reactions between anthracene o i l  and coal .  

Problems of t h i s  kind are no t  s e r i o u s  enough t o  keep i n f r a r e d  
' 
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I 

D. CATALYSIS OF REACTION WITH HYDRDGEN 

A diagram of  t h e  continuous r eac to r  syscem used at  the  Kansas C i t y  Laboratory w i l l  
be  found at  t h e  end o f  t h i s  paper as Figure 4 ,  
high pressure  tub ing ,  1 inch  O.D. x 11/16 inch I.D. and 7 f e e t  long. 
was designed t o  study the  mixing behavior of ma te r i a l s  in t h e  d i s so lve r  tube using 
anthracene o i l  as t h e  so lven t  and coa l  fnso lubles  88 t he  tracer. It w a s  a l so  
expected t h a t  some information about t h e  c a t a l y t i c  e f f e c t s  of t h e  coa l  inso lubles  
could be  obtained by a n a l y s i s  of t h e  so lvent  a f t e r  processing through t h e  d i s so lve r .  

The coal in so lub le s  were recovered from t h e  s o l u t i o n  made i n  Process Development 
P lan t  Run 66 which has  been reported previously(5) 
ca re fu l ly  pyr id ine  washed, followed by benzene and acetone r i n s e s  before  being dr ied  
i n  a vacuum oven. F ina l1  
the  inso lubles  were ground t o  pass a 100 mesh sieve before  use. 
of t h i s  material w a s  46,14%. 
which contains about 15% i ron .  Typical inso lubles  contain about 40% carbon and 2% 
hydrogen. 
0.5% s u l f a t e  s u l f u r ,  1.9% organic  s u l f u r ,  and 3.0% s u l f i d e  s u l f u r .  Therefore, much 
of t h e  i ron  is presen t  as FeS although t h e  presence o f  some oxide is not precluded. 
The organic  material p re sen t  is t h e  most re f r ac to ry  carbonaceous p a r t  of t he  coa l  an 
has almost no tendency to  react t o  f u r t h e r  processing. 

The d i s so lve r  tube i s  a p iece  of 
An experiment 

These inso lubles  had been 

The oven w a s  cooled before  removing the  d r i ed  inso lubles .  
The ash content 

This l o t  of Kentucky No. 11 hvBb coal y i e lds  an aeh 

The 5.5% to t a l  s u l f u r  present  w a s  d i s t r ibu ted :  0.1% p y r i t i c  s u l f u r ,  

Experimental Procedure : 
I 

The reac to r  was l i n e d  ou t  us ing  the  middle f r a c t i o n  o f  raw anthracene o i l ,  MFRAO, 
as feed. 
of 5.736% and I R  Ratio of 1.79. 
temperature 425OC. , l i q u i d  space ve loc i ty  0.60/hr. ,  gas space ve loc i ty  239/hr. 
The e f f l u e n t  l i q u i d  w a s  sampled a t  ha l f  hour i n t e r v a l s  and an i n f r a red  spectrum 
w a s  run t o  measure t h e  I R  Ratio.  A t  t he  end o f  5 hours a sample w a s  co l lec ted  f o r  
a per iod  of one hour and t h i s  sample showed an I R  Ratio of 1.80 which w a s  only a 
minor change when compared t o  t h e  input  so lvent  sample, 

During this pe r iod ,  the weighed s l u r r y  feed vessel w a s  f i l l e d  with 3800 grams of 
MFRAO and 200 grams of washed coal inso lubles .  
feed loop  a t  t h e  end o f  t h e  6 hour l i n e  out period. 
were taken at 5 minute i n t e r v a l s  (samples being co l l ec t ed  f o r  4 minutes o f  each 
i n t e r v a l )  f o r  t h e  first hour. 
a p a r t  ( f o r  5 minutes i n t e r v a l s ) .  During the  t h i r d  hour,  samples were taken 30 
minutes apa r t  ( f o r  5 minutes i n t e r v a l s ) .  
t he  I R  Ratio appeared t o  b e  near ly  constant.  F ina l ly  a sample was co l l ec t ed  f o r  
a f u l l  hour t o  conclude t h e  experiment. 
hours. A l l  material not co l l ec t ed  a8 samples w a s  accumulated i n  a waete vessel .  
The i n f r a r e d  spectrum o f  s e l e c t e d  samples w a s  recorded. 
analyzed fo r  i n so lub le  mater ia l  by f i l t r a t i o n  followed by ashing the  f i l t e r  paper. 
In some cases t h e  minerals were s o  f i n e  t h a t  p a r t  of t h e  material passed through 
the  f i l t e r  paper.  
as w e l l .  
previously determined ash content of t h e  in so lub le  material. 

' 
This so lvent  was reported at t h e  end o f  T a b l e  I with an average hydrogen 

Operating conditions were: 1000 p s i g  hydrogen, 

This s l u r r y  w a s  switched in to  the  
Beginning immediately, samples 

During t h e  second hour,  samples were taken 15 minutes 

Samples were taken hourly the rea f t e r  un t i l  

The s l u r r y  w a s  pumped f o r  a t o t a l  of seven 

The samples were then 
f 

In these  cases the  r e s u l t s  were cor rec ted  by ashing t h e  f i l t r a t e  
The r e s u l t s  were expressed as w e i g h t  percent  coal inso lubles  by using t h e  

/ 
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Discussion: 

The experiment generated a t o t a l  o f  33 samples. Eleven o f  t hese  were used t o  l i n e  
ou t  the r eac to r  and were only analyzed by in f r a red .  
o f  t h e  samples made with coal-insolubles s l u r r y  feed. The i n f r a r e d  spectrum was 
run on se l ec t ed  samples as requi red  t o  develop a smooth curve showing the  change 
i n  solvent composition, The r e s u l t s  a r e  given i n  Table 111. 

An ash ana lys i s  w a s  done on al l  

TABLE 111 

DATA FOR HYDROGEN CONTENT OF EFFLUENT SOLVENT VS PERCENT INSOLUBLES 
SAMPLE TIME FROM I R  RATIO % HYDROGEN FROM GAIN IN % % INSOLUBLES 
NUMBER SLURRY START OF SAMPLE WORKING CURVE HYDROGEN I N  EFFLUENT 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

‘‘j 25 
26 
27 
28 
29 
30 
31 
32 
33 

L a s t  Lineout 
5 min. 
10 mfn. 
15 min. 
20 min. 
25 min. 
30 min. 
35 mfn, 
40 mfn. 
45 min, 
50 min. 
55 min. 
60 mine 
65 min, 
80 min. 
95 min. 
110 min. 
125 mino 
155 min. 
185 min. 
245 min. 
305 min. 
360 t o  420 

1.80 

1.79 

1.76 
1.73 
1.69 
1.68 
1.61 
1.58 
1.56 
1.47 
1,49 
1.46 

5 725 

5.733 

5 750 
5.770 
5 790 
5 800 
5 845 
5.863 
5.875 
5,935 
5.921 
5.940 

Reference 

0.008 

0.025 
0.045 . 
0.065 
0.075 
0.120 
0.138 
0.150 
0.210 
0.196 
0.215 

None 
N i l  
N i  1 
0.001 
0.035 
0.093 
0.133 
0.234 
0.305 
0.339 
0.475 
0.614 
0.64 1 
0.747 
0.949 
1.19 
1.37 
1.61 
1.89 
2.19 
2.90 
2.60 
3.16 
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Figure 5 i s  a g raph ica l  presenta t ion  of t h e  course o f  t h e  I R  Rat io  and the  percent 
i n so lub le s  as a func t ion  of t i m e .  I t  can be seen t h a t  che r a t i o  decreases as the 
concenrrarion o f  i n so lub le s  increases .  It is noteworthy t h a r  f luc tua t ions  i n  
t h e  concencratlon of in so lub le s  a l s o  correspond t o  f luc tua t ions  in t h e  I R  Ratio. 

Figure 6 is a g raph ica l  presenta t ion  of rhe g a m  in percentage hydrogen in  t h e  

It can be seen t h a t  t h e  amount of hydroaromatic hydrogen, as indica ted  by t h e  
i n f r a r e d  spectrum, increased  in propor t ion  t o  the concent ra t ion  o f  fnso lubles .  
Without t h e  in so lub le s  p re sen t  t h e  so lvent  showed almost no tendency f o r  th is  
reac t ion  t o  take p lace  under the  same operacing condi t ions .  

The c a t a l y t i c  p r o p e r t i e s  of i ron  a r e  w e l l  documented i n  t h e  l i t e r a t u r e ( l O *  11312s13). 
Probably FeS is  the  a c t i v e  compound s i n c e  i t  is t h e  most abundant form of i r o n  I 

present under these  condicions.  This is a l s o  t h e  form i s o l a t e d  a t  the end o f  t he  
reac t ion .  
e x i s t s  for s u l f i d e  formation by reacr ion  wi th  hydrogen s u l f i d e  from coal.  

The inso lubles  fed  in this  experiment contained 5.5% i ron ,  The s lope  o f  t h e  
s t r a i g h t  l i n e  shown i n  Figure 6 the re fo re  i s  t h e  response due t o  bui ld ing  up a 
concentration o f  only 0.15% of i r o n  in che e f f l u e n t  product. This corresponds 
t o  a r a t e  of hydrogen add i r ion  of about 1.4% pe r  percentage of i ron  i n  the  s l u r r y  
under these  opera t ing  condi t ions .  Many high s u l f u r  bituminous coa ls  fed in a 2:1 
so lvent  t o  coal s l u r r y  w i l l  l i n e  our with 0.5% t o  1.0% of i r o n  i n  the  s l u r r y .  The 
reac t ion  r a t e s  which are observed i n  uncaralyzed sysrems are i n  accord with the  
idea  t h a t  iron is rhe p r i n c i p a l  a c t i v e  agent involved. 

so lven t  as a func t ion  o f  t h e  percentage of i n so lub le s  in the r eac to r  e f f luen t .  I 

1 

I Act iv i ty  has  been reported f o r  i ron  oxide ,  bu t  considerable opportunity 

i 
I 

E. CATALYSIS OF HYDRDGENATlON BY REACTlON WlTH CARBON MONOXIDE’AND WATER 

It has  been previously reporred that coa l  can b e  hydrogenated by reac t ion  with carbon 
monoxide and water (2) .  
s l u r r i e d  in a solvenc. Anthraeene oil is s u i t a b l e  fo r  t h e  purpose and the  so lu t ions  
which r e s u l t  have s u b s r a n t i a l l y  the same p rope r t i e s  observed when hydrogen i s  used 
t o  produce similar conversions.  Appell and Wender have reported a l k a l i  m e t a l  
carbonates as caca lyscs  and have mentioned the  a l k a l i n e  ash content of l ign i teC6) .  
Increased conversion wi th  increased  sodium content has  been demns t r a t ed  by York 
who a l s o  comments on i r o n  oxide as a c a t a l y s t ( 7 ) .  None of t he  r e s u l t s  given a re  
very de ra i l ed  and f u r t h e r  s t u d i e s  were the re fo re  done ro de f ine  the  requirements 
f o r  c a t a l y s i s  of t h e  carbon monoxide-warer reagent system more c lear ly .  

These s t u d i e s  involved a program of chemical ana lys i s  and autoclave s t u d i e s  which 
were conducted as a coopera t ive  e f f o r t  by P&M and University o f  North Dakota workers. 

This reac t ion  may be done with coa l  alone, o r  with coal 

An exce l lenr  series of l i g n i t e  samples wi th  varying sodium content was provided by 
the  Grand Forks S t a t i o n  of the  Bureau of Mines. These w e r e  sub-sampled to provide 
both  groups with comparable materials. 

Preliminary work e s t a b l i s h e d  t h a t  s u b s t a n t i a l l y  all of t he  sodium, reported by the  
Bureau o f  Mines ash a n a l y s i s  f o r  these  samples, could be  ex t r ac t ed  by exchange 
with 0.01 molar calcium chlor ide  so lu t ion .  
gram sample of the  l i g n i t e  was s t i r r e d  with 125 m l .  of Lhe 0.01 molar calcium 
chlor ide  so lu t ion .  which w a s  then f i l t e r e d  i n t o  a 200 m l .  volumetric flash 
The material i n  t h e  f i l t e r  was rhen r insed  with add i t iona l  calcium chlor ide  
s o l u t i o n  u n t i l  t h e  f l a s k  w a s  f i l l e d  t o  the  mark. The sodium content of the  
f i l t r a t e  was determined by means of t h e  Technicon Au toha lyze r  flame photo- 

To accomplish t h i s  exchange a 6.000 
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meter system using lithium as the  i n t e r n a l  scandard. 
t h a t  recommended by Ussary and Gehrke f o r  f e r t i l i z e r  ana lys i s (8) .  
showed that r e s idua l  ch lo r ide  in t h e  exchanged l i g n i t e  could b e  reduced t o  t r a c e  
l eve l s  by c a r e f u l  washing with d i s t i l l e d  water. 

Seven l i g n i t e  samples were ava i l ab le  f o r  chese s t u d i e s .  
samples 71-1 through 71-7. Some of chese have been repor ted  i n  Bureau o f  Mines 
l i t e r a t u r e  whi le  o the r s  have been repor ted  only informally by means o f  a n a l y t i c a l  
repor t  shee ts ,  The d a t a  and ava i l ab le  c ross  re ference  numbers w i l l  b e  found in 
Table I V .  
t o t a l  sodium as ca l cu la t ed  from t h e  ash and proximate ana lys i s .  
noted i n  the  case of  t h e  71-1 sample which w a s  t r aced  t o  a lower ash  conten t  combined 
with a s l i g h t l y  higher water cbntent i n  t h i s  subsample. Since t h i s  sample had 
a l ready  been used i n  a number of d i f f e r e n t  experiments, i t  w a s  necessary t o  use 
cor rec ted  va lues  f o r  t h e  sodium and i ron  concent of c h i s  sample. 

The UND workers a l s o  prepared a calcium exchanged and a hydrochlor ic  ac id  washed 
sample of the 71-1 l i g n i t e .  Both were c a r e f u l l y  washed with d i s t i l l e d  w a t e r  and 
d r i ed  t o  about the  o r i g i n a l  moisture conten t -  A d e t a i l e d  comparison o f  t h e  71-1 
sample, t h e  calcium exchanged sample 
be found in Table V, 

The manifold w a s  e s s e n t i a l l y  
Fur ther  work 

These were coded UND 

I n  mst cases,  t he  sodium ana lys i s  by the e x t r a c t i o n  method checked 
A d i f f e r e n c e  was 

and rhe  hydrochlor ic  a c i d  washed sample w i l l  

TABLE V 

COMPOSITION OF TREATED 71-1 LIGNITE SAMPLES 

ANALYSIS AS RECEIVED CALCIUM EXCHANGED H C 1  WASHED 

% Moisture i n  l i g n i t e  32,94 29.73 30.98 
% Ash i n  lignite 6 .63  6 .058  2.896 
% Iron in ash 4.96 5.04 4.69 
% Chloride in  l i g n i t e  0.0058 0.091 0.024 
% Tota l  sodium in lignite 0.686 0.019 0.017 
% Sodium i n  ash 10.35 0.3 0 . 6  

The results o f  the  calcium exchange experiments toge ther  with the  HC1 -wash experiment 
suggest some ru les  which may be appl icable  t o  l i g n i t e s  i n  general .  It appears l i k e l y  
that mst of t h e  sodium is  i n  t h e  material as a counter i o n  to  polymeric ac ids  which 
make up a considerable p a r t  of t he  func t iona l  groups in l i g n i t e .  
r ead i ly  added by exposing the l i g n i t e  t o  calcium ion  and can be r e a d i l y  r emved  by 
ac id  washing t h e  l i g n i t e .  P a r t  of the  i ron  is removed by HC1 washing. This obser- 
va t ion  suggests t h a t  i r o n  and perhaps o the r  elements may a l s o  serve as counter i ons  
t o  a c i d i c  functions.  Residual i r o n  a f t e r  t he  H C 1  wash i s  probably p re sen t  as p y r i t e .  
The loca t ion  of potassium and magnesium has  not  been s tudied .  
have been reported i n  recent  l i g n i t e  symposia(15 y16). 

C a l c i u m  can be  

Ion exchange p rope r t i e s  

,Experimental Procedures: 

A one ga l lon  batch autoclave w a s  used to  conduct a number of experiments designed 
t o  study t h e  c a t a l y t i c  e f f e c t s  involved i n  t h e  s o l u t i o n  o f  lignite us ing  carbon 
mnoxide and water as hydrogenation reagents.  This apparatus has been previous ly  
described(9).  In  these  experiments charges of  l i g n i t e ,  s o l v e n t ,  and water were 
ad jus ted  so t h a t  weights of MAF l i g n i t e ,  so lvent  , and water were t h e  same from 
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TABLE IV 

BUREAU OF MINES DATA - PRDXIMATE, ULTIMATE, AND ASH ANALYSIS OF LIGNITE SAMPLES 

UND SAMPLE NO. 71-1 71-2 71-3 71-4 71-5 71-6 71-7 

Mine 

Comty 
S t a t e  
B. of M. Designation 
B. o f  M. Sample No. 

Moisture 
Vola t i le  Matter 
Fixed Carbon 
Ash 

Ultimate Analysis 

Carbon 
Hydrogen 
Nitrogen 
Sul fur  

Ash 
Oxygen 

Ash Analysis 

si02 
A1203 
Fe203 
Ti02 
p2°5 
CaO 

Na20 
MgO 

K20 
so3 
Other 
I g n i t i o n  Loss 

N a  ca lcu la ted  from ash 
N a  by calcium exchange 

Baukol- Baukol- 
Noonan Beulah Noonan Velva 

Ward 
N.D. N.D. N.D. N.D. 
BN 4 B-STD BN 2 V 5 

GF7 1- GF67- GF70- 
476 685 652 

28.46 30 27.95 28.33 
28.83 29.09 29.28 31.74 
34.62 33.40 36.48 34.88 
8.09* 7.51 6.29 5.15 

48.44 46.58 
6.18 6.40 

, 0.83 0.78 
0.36 0.72 0.35 0.40 

37.91 40.74 
8.09* 7.51 6.29 5.15 

27.2 20.2 16.4 
15.9 11.3 7.7 
7.1 9.8 1.6 
0.3 0.4 0.2 
0.1 0.5 0.2 

16.7 21.8 18.4 
4.3 8.0 4.1 

13.5* 6.3 26.8 
0.5 . 0.3 0.3 

13.4 21.4 13.1 
0.6 -- 2.1 
0.4 -- 3.1 
0.809* 0.351 1.25 
0.681 0.433 1.26 

18.8 
8.6 
6.6 
0.4 
0.2 

32.5 
8.1 

10.0 
0.5 

12.6 
1.2 
0.5 
0.382 
0.380 

Knife 
River 
Mercer 
N.D. 
BHL 
GF70- 
12 89 

28.33 
30.76 
33.82 

7.09 

46.89 
6.24 
0.68 
0.85 

38.25 
7.09 

Savage Savage 

Mont. Mont. 
s-1 s-2 

i 

34 ' 30 
27.05 29.53 
31.19 30.82 

7.77 9.65 

0.67 0.56 

7.77 9.65 

16.1 21.3 
10.5 13.0 
9.6 10.0 
0.2 0, 3 
0.3 0.8 

23.2 22.7 
7.4 9.3 
4.8 0.4 
0.3 0.3 

25.2 21.9 
1.9 
0.5 
0.252 0.023 
0.252 0.028 

-- 
-- 

35.7 I 

20.3 
5.3 
0.6 
0.6 

16.4 
7.0 
0.4 
0.9 

12.8 -- ' - 
0.028 
0.028 4 

*Na analysis for 71-1 subsample w a s  revised.  
contained 10.35% t o t a l  sodium. 
t h e  calcium exchange value of 0.681%. 

Ash on t h i s  sample w a s  6.63% and 
This is 0.686% sodium in the  lignite compared t o  

I 
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tr ial  t o  t r ia l .  
the  hea t ing  was scandardized i n  an e f f o r t  t o  reproduce average and peak temperature 
P r o f i l e s  throughout the two hour r eac t ion  period. 
reproduced because var iab le  amounts o f  carbon monoxide and water were consumed and 
va r i ab le  amounts of  gaseous r eac t ion  products were made. 
by elemental and in f r a red  ana lys i s  of reclaim so lven t  and the  vacuum bottoms samples 
produced. 

The experiments were done with s e v e r a l  kinds of materials. 
t h e  following paragraphs to  relate run numbers, marer ia l s  , and procedure d e t a i l s .  

1. 
grams o f  d i s t i l l e d  water p lus  500 grams of raw anthracene o i l .  
p ressur ized  wi th  1200 ps ig  of carbon monoxide. The reac to r  w a s  heated t o  795OF. and 
he ld  ac temperature f o r  cwo hours.  
c o r r e l a t i n g  d a t a  f o r  comparison t o  t h e  continuous un f t  opera t ing  a t  425OC.I 

2. UND Run 360. 
t h a t  1.25 grams o f  sodium bicarbonate  were added. 

3. 
sodium contents  supplied by Bureau of Mines. These were charged t o  t h e  r e a c t o r  
in  amounts ca lcu la ted  t o  conta in  a cons tan t  weight of  MAF lignite, so lven t ,  and 
water, The so lvent  f o r  a l l  runs was che middle f r a c t i o n  of raw anthracene o i l  
supplied by the  Kansas Ct ty  group. See Table I f o r  dup l i ca t e  ana lys i s  o f  t h i s  o i l .  
Bureau o f  Mines ash and proximate ana lys i s  d a t a  toge the r  with t h e  checking sodium 
and i ron  ana lys i s  where approprfa te  have been used t o  ca l cu la t e  t h e  minera l  phase 
compositions. The r eac to r  w a s  brought t o  an average temperature o f  716OF. wi th  peak 
temperatures o f  7250F, t o  7300F. Reaction temperature w a s  maintained f o r  2 hours t o  
allow comparison with o the r  UND runs. UND Runs 378, 379, 380, 382, 387, 388, and 
389 comprise the experiments i n  t h i s  series. 

4. UND sample 71-1 was used to  s tudy  the  e f f e c t  o f  added sodium bicarbonate  on 
the reac t ion .  These experiments are UND R u n s  373, 375, and 376. One t r ia l  used 
potassium carbonate. 
described i n  paragraph 3 above were used f o r  a l l  runs. 

5. 
experiment. The s tandard  charges and ope ra t ing  condi t ions  used were t h e  same 
as those  ou t l ined  i n  paragraph 3 above. This was  UND Run 390. 

6. The calcium exchanged 71-1 l i g n i t e  w a s  used as t he  feed lignite i n  the 
s tandard  experiment. 

Discussion: 

An i n i t i a l  p re s su re  of  1200 p s i g  of carbon monoxide w a s  used and 

Peak pressures  could not  be 

The r e s u l t s  are eva lua ted  

Conversion and y i e l d  d a t a  were obtained. 

These are descr ibed  i n  

UND Run 357. This was a blank run i n  which t h e  autoclave w a s  charged wi th  150 
The r e a c t o r  w a s  

(This f i n a l  temperature w a s  used t o  ob ta in  some 

The conditions and charges were t h e  same as UND Run 357 except 

A series o f  experiments was  done by using t h e  l i g n i t e  samples wi th  a range of 

This w a s  UND Run 3?7. The s tandard  ope ra t ing  condi t ions  

The HC1 washed sample of 71-1 l i g n i t e  was used as t h e  feed l i g n i t e  i n  an 

This w a s  UND Run 391. 

Table V I  p re sen t s  
The number o f  m i l l i m l e s  of sodium, potassium, calcium, and i r o n  i n  each reactor 
charge i s  a l s o  presented. 
reclaimed so lvent  and vacuum d i s t i l l a t i o n  res idues  f o r  each run are a l s o  included. 

a summary of  run numbers, ope ra t ing  coddi t ions ,  and materials used. 

The results o f  i n f r a r e d  o r  elemental ana lys i s  of 

Inspec t ion  o f  the 
hydrogen and increased sodium in  the charge. 

da ta  d isc losed  t h a t  a s t rong  co r re l a t ion  e x i s t e d  between gain i n  
In t h e  so lvent  reclaimed f r o m ' t h e ,  
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solvent  blank run (UND 357) the  change in hydrogen content w a s  hardly measurable. 
Adding only 1 . 2 5  g r a m  of sodium bicarbonate t o  t h i s  same charge caused the solvent  
alone to  gain a r e a d i l y  measurable amount of hydrogen. 
using lignites with a range of sodium contencs,  o r  where sodium bicarbonate w a s  
added, an increase  i n  reac t ion  cor re la ted  with an increase  i n  sodium content. 
Subs t i tu t ion  of potassium carbonate for  sodium bicarbonate  did not  appear t o  make 
a s u b s t a n t i a l  d i f fe rence  (Run UND 377 versus UND 373). 

The e f f e c t  of removing s u b s t a n t i a l l y  a l l  o f  the  sodium from a l i g n i t e  was i n v e s t i -  
gated by t h e  calcium exchange and the  hydrochloric ac id  washing experiments. 
both cases the lignites remained reac t ive  although a marked reduction in r e a c t i v i t y  
w a s  observed. The gain i n  hydrogen by the  reclaim so lvent  c o r r e l a t e s  with t h e  
amunt of i r o n  i n  the  l i g n i t e  while the considerable  d i f fe rence  i n  t h e  amount of 
calcium in the  samples does not  seem to have much e f f e c t  on t h e  so lvent  composition 
(Runs UND 390 and UND 391 versus UND 378). 

It w a s  found by t r i a l  t h a t  the  gain i n  hydrogen by t h e  reclaimed solvent could be 
f i t t e d  t o  a smooth curve i f  t h e  gain i n  hydrogen w e r e  p l o t t e d  versus the sum of 
t h e  mill imoles of sodium, potassium, and i ron .  This p l o t  is given as Figure 7. 

After  some speculat ion it  w a s  decided t h a t  a p l o t  of the H / C  mole r a t i o  in t h e  
vacuum d i s t i l l a t i o n  res idues  versus the t o t a l  m i l l i m o l e s  of sodium, potassium, and 
i ron  charged would be an appropr ia te  data  t reatment  f o r  t h i s  material. The curve 
f o r  t h e  vacuum d i s t i l l a t i o n  residues is  given as Figure 8. The H / c  mole r a t i o  is 
not  a f fec ted  by the presence of var iab le  r e s i d u a l  amounts of  ash ,  s u l f u r ,  oxygen, 
o r  n i t rogen  which might be f a c t o r s  i n  comparing mater ia l s  from d i f f e r e n t  l i g n i t e s .  
The presence of ash i n  some residues was not  thought t o  b e  p a r t i c u l a r l y  s i g n i f i c a n t  
because its presence is l a r g e l y  due t o  f a i l u r e  t o  completely de-water some of the  
so lu t ions  before f i l t r a t i o n ,  As a result of t h i s  data  t reatment  only two poin ts  

I n  the var ious experiments 

In 

are o f f  the  curve by s i g n i f i c a n t  amounts. 
i n  which the  71-3 sample w a s  used, and UND Run 391, i n  which the  calcium exchanged 
l i g n i t e  was used. The s o l v e n t  from these runs seems to  f i t  t h e  cor re la t ion  curve 
b e t t e r  than does the  d i s t i l l a t i o n  residue data .  
e f f e c t  o f  d i s t i l l a t i o n  technique on the residues s ince  i t  is d i f f i c u l t  to br ing  all 
materials t o  exac t ly  t h e  same end point .  

These are the  mater ia l s  From UND Run 382, 

This may be due t o , t h e  g r e a t e r  1 

. 

An a l t e r n a t i v e  would b e  to  assume t h a t  the  calcium remained i n  contact  with the  
l i g n i t e  phase and exer ted  a small s e l e c t i v e  e f f e c t  on t h e  material which tended 
t o  remain i n  the vacuum res idue .  
material d a t a  point  t o  t h e  line by a r b i t r a r i l y  ass igning a r e l a t i v e  w e i g h t  of 
about 0.3 times t h e  number of millimoles of calcium i n  each sample and adding 
these values t o  t h e  t o t a l  millimoles o f  sodium, potassium, and i r o n  charged. This 
moves a l l  points  outward and produces some change i n  the  curve shape. The i n i t i a l  
po in ts  a r e  near ly  linear on such a p l o t .  

Another aspect  of  t h e  r e a c t i o n  can be s tudied  by observing t h e  composition of the 
gas which is vented a t  the  end of  the reac t ion .  The o r i g i n a l  gas charge w a s  
10.545 moles of carbon monoxide. 
r e a c t s  with the l i g n i t e  and the  so lvent  and p a r t  remains unreacted i n  t h e  gas 
phase. Carbon dioxide is  formed i n  t h i s  reac t ion  and may a l s o  be formed by 
decarboxylation reac t ions  as a r e s u l t  of h e a t i n g  the  l i g n i t e .  Some unreacted 
carbon mnoxide remains. Table VI1 gives t h e  d a t a  f o r  vent gas composition ae 
a function of the sum of sodium, potassium, and i ron .  

It i s  poss ib le  to  move t h e  calcium exchanged 

4' 
The reac t ion  generates  hydrogen. Par t  of t h i s  

A graphical  presenta t ion  of 
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t h e  daca is given as Figure 9. 

TABLE VI1 

MOLES CARBON 
"k%Xf#" M3NOXIDE RUN Nor igtgE Na-%% VENTED HYDROGEN - MILES MOLES 

378 7 1-1 60 e 1 11.46 3.01 4,20 4.25 
379 71-5 31.8 11.04 1.53 4.03 5.47 
380 71-6 19.0 9.67 1.01 2.23 6.42 
3 82 7 1-3 93.5 12.74 3.78 6.15 2.80 
383 71-2 40.9 13.53 2.52 4.80 6.15 
387 71-1 60.1 11.96 2.40 5 .OO 4.35 
388 7 1-6 19.0 10*35 0.63 2.88 6.53 
3 89 7 1-7 16.6 10.06 0.275 2 "40 7.38 
39 0 71-1 HC1 5.0 10.06 0 -  168 1.56 8.21 
39 1 71-1 Ca 10,3 10.16 0.222 2.03 7.85 

When coal is dissolved fn  a so lven t  system of t h i s  k ind ,  a complex product d i s t r i b u t i o n  
i s  formed. As the  organic  matter i n  t h e  coa l  is  r eac t ed  it tends t o  l o s e  oxygen and 
s u l f u r  with t h e  formation o f  water ,  carbon d ioxide ,  and hydrogen s u l f i d e .  As t h e  
organic  phase becomes hydrogenated i t  d i s so lves  i n  t h e  so lvent  and b o t h  so lvent  
and coal derived material break  down i n t o  smaller and m r e  hydrogen r i ch  m l e c u l e s  
i f  conditfons are favorable ,  A t  t h e  temperatures which p r e v a i l ,  many thermal bond 
ruptures  are produced and repolymerization may produce h igher  molecular weight 
produccs i f  t h e  f r e e  r a d i c a l s  formed are not  e f f i c i e n t l y  terminated. 
e f f e c t  of these competing r eac t ions  can be a l t e r e d  by changing process conditions.  
The product d i s t r i b u t i o n ,  (hydrocarbon gas ,  l i g h t  l i q u i d s ,  so lvent  range l i q u i d s ,  
heavy o i l s ,  vacuum d i s c i l l a t f o n  r e s idue ,  unreacted organic  mat te r ,  and minera ls ) ,  
m u s t  be  def ined  i n  d e t a i l  t o  ob ta in  a complete desc r ip t ion  of t h e  chemical changes 
which occurc  
involve much d e t a i l  and t end  t o  e lude  simple expos i t ion .  

One kind of experimental product can b e  eva lua ted  by f a i r l y  d i r e c t  and simple methods. 
The r eac t ion  can be  run on lfgnfte without t h e  use of so lvent  and t h e  conversion can 
be  measured d i r e c t l y  by observ ing  t h e  s o l u b i l f t y  o f  t h e  reac t ion  product i n  appro- 
p r i a t e  so lvents .  Benzene i s  conventional f o r  t h i s  purpose, bu t  it is usual t h a t  
t h e  res idue  from such e x t r a c t i o n s  w i l l  s t i l l  be  f u r t h e r  a t tacked  by o the r  so lvents  
such as acetone o r  pyr id ine .  
j u s t i f i c a t i o n  for use of any p a r t i c u l a r  so lvent  depends on a co r re l a t ion  with some 
proposed sepa ra t ion  process  or p o t e n t i a l  end use app l i ca t ion .  Pyridine s o l u b i l i t y  
c o r r e l a t e s  w e l l  w i th  product s o l u b i l i t y  i n  ho t  anthracene o i l .  
t hese  samples have been run  i n  the  non so lven t  system. 
Table VIII. 

The net  

Meaningful d i scuss ions  o f  conversion and y i e l d  m u s t  o f  necess i ty  
/ 

Such conversion da ta  is a r b i t r a r y  in  na ture  and the  

Only th ree  of 
The r e s u l t s  are found in 

f 
Again i t  is observed t h a t  the conversion increases  a s  t h e  t o t a l  sodium, potassium, ( I  

and iron content o f  t he  r e a c t o r  charge increases .  
t h e  r e s u l t  f o r  Run 385, us ing  71-3, is again  low compared t o  t h e  t rend  of o the r  
da ta .  
i n  t h i s  l i g n i t e  is mre d i f f i c u l t  t o  convert. The so lvent  phase run i n  contact 
with t h i s  lignite i n  Run 382 seems to have gained a normal amount of  hydrogen. 
This kind of a problem may b e  an ind ica t ion  of t h e  risks involved i n  attempting 

(See Runs 384 and 386.) However, 

1 
(See also Run 382. ) The cause is unknown, bu t  perhaps the organic matter 
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, 

c lose  comparisons using differenr:  coa l s  as source  marer ia l s .  
p roper t fes  of l i g n i t e  should allow f a c i l e  add i t ion  o f  con t ro l l ed  amounts of 
metallic ions to  produce macerials i n  which t h e  organic  phase would b e  s t r i c t ly  
comparable. Such materials could become t h e  b a s i s  for q u i t e  s o p h i s t i c a t e d  
c a t a l y s i s  and reac t ion  rate s tud ie s .  

The ion  exchange 

TABLE VI11 

NON SOLVENT RUN YIELDS 

RUN NO. LIGNITE TOTAL MILLIMILES PRODUCT YIELD - PERCENT OF MAF COAL 
UND SAMPLE Na+K+Fe Vo 1 a c i  le  Benzene Pyr id ine  

Matter Ext rac tab le  Ext rac tab le  

384 71-6 19.0 
385 71-3 93-5 
386 71-1 60.1 

24.8 42,O 50.0 
38.2 57.7 64.1 
42.9 66.4 67.8 

111. SUMMARY AND CONCLUSIONS 

\\ 

\\ 
The information presented in  t h i s  paper is rhe r e s u l t  of a number of explora tory  
experiments designed t o  reconfirm o r  amplify d e t a i l  f o r  a number o f  e f f e c t s  reported 
in  the  l i t e r a t u r e .  
u se fu l  i n  eva lua t ing  t h e  e f f e c t  of c a t a l y s t s ,  and process va r i ab le s ,  on the  r eac t ions  
o f  coal and assoc ia ted  so lvent  or l i qu id ,phases .  
work has been s t r e s sed .  

The secondary ob jec t ive  has been to  add techniques which may be  
, I  

For t h i s  reason some of the ana ly t i ca l  

, The c a t a l y t i c  p rope r t i e s  of i ron ,  and FeS i n  p a r t i c u l a r ,  f o r  hydrogenation o f  coal a r e  
e s t ab l i shed  beyond question in the  l i t e r a t u r e .  
r eac to r  o u t l i n e s  a r a t h e r  d i f f e r e n t  way t o  show t h i s  a f f e c t  and a l s o  i l l u s t r a t e s  the 
u t i l i t y  o f  an instrumental  method which is s e n s i t i v e  and q u i t e  rapid. It h a s  been 
e s t ab l i shed  t h a t  the hydrogen t r a n s f e r  capac i ty  of t h e  anthracene o i l -der ived  so lvent  
changes i n  response t o  process var iab les .  (It may gain o r  l o s e  hydrogen depending 
on cond i t ions - )  
t r a n s f e r  e f f e c t s  are important but rehydrogenation of so lvent  appears t o  depend on 
c a t a l y s i s  by t h e  coa l  minerals. 

The reac t ion  of carbon monoxide and water a l s o  depends on catalysis. This reagent 
system f a i l e d  to  r eac t  with anthracene oil u n t i l  sodium bicarbonate was introduced. 
The a l k a l i  content of l i g n i t e  appears t o  be the  main source of  a c t i v i t y  i n  t h i s  coa l .  
Most lignites do concdn  some i r o n  which con t r ibu te s  t o  the o v e r a l l  e f f e c t .  L ign i t e s  
copta in  some potassium but genera l ly  the  amun t  is too small t o  be  usefu l .  The o the r  
e x t r a c t a b l e  ion  generally present  is  calcium. Its probable loca t ion  as a counter i on  
t o  polymeric ac id  functions sugges ts  t ha r  it may a l s o  become c a t a l y t i c a l l y  a c t i v e  as 
t h e  lignite is decomposed. 
o rde r  o f  a c t i v i t y  f o r  calcium seem probable. 

The hydrogenation e f f e c t s  may be followed by observing so lvent  o r  vacuum bottoms 
compositions. 
is a l s o  obtainable.  
d i s t r i b u t i o n  and y i e l d  o f  l i q u i d  and vacuum d i s t i l l a t i o n  products although such 
d e t a i l  has not  been presented  here. 

The experiment done wi th  t h e  continuous 

\ 

When t h i s  material is used as a so lvent  f o r  coal, the hydrogen 

~ 

These experiments have not  been conclus ive ,  bu t  a lower 

Corre la t ing  conversion da ta  based on composition o f  gaseous products 
These changes can a l s o  be shown by observation of t h e  de t a i l ed  

~ 

, 
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It seems probable that the ion exchange properties o f  lignite could be  util ized to  
prepare carefully controlled materials for reactivity s t u d i e s .  
could be used  in the autoclave or in  the continuous reactor to  develop quantitative 
relationships for the elements o f  interest.  

These .materials 
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